Phosphoinositides in the cell membrane are signaling lipids with multiple cellular functions. Phosphatidylinositol 4,5-bisphosphate (PI(4,5)P 2 ) is a determinant phosphoinositide of the plasma membrane (PM), and it is required to modulate ion channels, actin dynamics, exocytosis, endocytosis, intracellular signaling, and many other cellular processes. However, the spatial organization of PI(4,5)P 2 in the PM is controversial, and its nanoscale distribution is poorly understood due to the technical limitations of research approaches. Here by utilizing single molecule localization microscopy and the Pleckstrin Homology (PH) domain based dual color fluorescent probes, we describe a novel method to visualize the nanoscale distribution of PI(4,5)P 2 in the PM in fixed membrane sheets as well as live cells.
Introduction
Phosphoinositides contribute to a small portion of total membrane lipids, but play critical roles in a variety of cellular processes. They include seven members derived from reversible phosphorylation or dephosphorylation of the inositol rings on the 3 rd , 4
th and 5 th positions 1 . Phosphatidylinositol 4-phosphate (PI4P) and phosphatidylinositol 4,5-bisphosphate (PI(4,5)P 2 ) are two major phosphoinositides that function relatively independently as the determinant lipids of cell plasma membrane (PM) 2, 3 . Phosphatidylinositol (3, 4, 5) -trisphosphate (PIP 3 ) is much less abundant than PI4P and PI(4,5)P 2 , but it has unique functions in different cellular processes including cancer 4 and diabetes 5 . These lipids have complex molecular interactions with their effectors and many other proteins. Therefore, it is crucial to understand the spatial organization of these phosphoinositides in the PM at the nanometer scale.
Mounting evidence has shown that protein complexes or molecule clusters in the confined PM areas can serve as signaling hotspots 6 . For example, syntaxin 1a, a key protein that regulates membrane fusion [7] [8] [9] , displays cluster organization in the PM. Distinct from the consensus view of the cluster organization of syntaxin 1a, the spatial distribution of phosphoinositides in the PM is controversial. PI(4,5)P 2 distribution patterns range from uniform [10] [11] [12] , large patches 13, 14 , to dense clusters [14] [15] [16] [17] [18] , depending on cell types and experimental methods used. The spatial organization of PI(4,5)P 2 at higher resolution is also inconsistent. A study using stimulated-emission-depletion (STED) microscopy 19 has revealed a large number of dense PI(4,5)P 2 nano-clusters (~73 nm in diameter) in the PM sheets of PC-12 cells 20 . This result is different from studies using quick freezing electron microscopy (EM) 21, 22 , an approach that preserves the intact PM structure of live cells much better than chemical fixation. The latter showed distinct pools of PI(4,5)P 2 ; relatively concentrated PI(4,5)P 2 in caveolae and coated pits as well as uniform distribution on the flat PM region. Moreover, nanoscale PI(4,5)P 2 organization in membrane sheets may differ in live and fixed cells. Our recent work investigated this issue in both fixed and live INS-1 cells using single-molecule localization microscopy (SMLM) 23 .
SMLM is based on stochastically switching on only a small subset of fluorophores at any given time so that individual fluorophores can be localized with high precision. Many super-resolution imaging approaches have been developed using similar principles to surpass the diffraction limit of conventional light microscopy, such as photoactivation localization microscopy (PALM) 24 , fluorescence photoactivation localization microscopy (FPALM) 25 , stochastic optical reconstruction microscopy (STORM) 26, 27 and direct STORM (dSTORM) 28 . With photo-switchable or photoactivatable fluorophores (dyes or fluorescent proteins), SMLM techniques allow scientists to image biological structures at nanometer resolution 24, 29, 30 with video-rate in living cells 31, 32 .
Using PI(4,5)P 2 as an example, we introduced the SMLM approach to study the nanoscale distribution of phosphoinositides on the PM. The PH domain of PLCδ1 (Phospholipase C δ1) that specifically binds to PI(4,5)P 2 is a well-established probe for imaging PI(4,5)P 2 sub-cellular distribution and dynamics 33, 34 in the PM. We have genetically tagged this domain with two fluorescent proteins, PAmCherry1 35 and iRFP 36 to 1. Before imaging, dilute 1 µl of fluorescent bead solution in 10 ml PBS + 50 mM MgCl 2 . Add 200 µl diluted solution into the imaging chamber containing cell samples (from steps 1.1.8/1.2.6) for 10 min. Then, wash with PBS three times. 2. Start the PALM imaging system. In the associated imaging software, select the "iRFP channel" button (642 nm laser excitation, 700/75 nm emission). Find the cell membrane expressing PH probes in the iRFP channel. NOTE: The membrane sheet should have a fluorescent bead nearby. This is required for drift correction later. 3. Use the "Capture" button to collect a conventional TIRF image of the cell membrane in iRFP channel as a reference for future image reconstruction. Set a normal TIRF angle (i.e., after reaching the critical angle, turn another 1.5 degrees) by typing in 2140 in the TIRF angle setting for imaging. Use this angle setting for all steps unless otherwise noted. NOTE: In the TIRF system described here, 3,500 is the vertical up angle, 2,200 is the TIRF critical angle, and 2140 is the normal TIRF angle, which is 1.5 degree more after TIRF critical angle. The narrow TIRF angle mentioned below in 3.2.3 is 2120, which is another 2 degree after reaching TIRF critical angle. 4. Switch to PAmCherry1 channel by clicking the RFP channel button (561 nm excitation, 600/50 nm emission filter). Adjust the scroll bar in the "AOTF" pad all the way to the right to have full power illumination of 561 nm laser for 10-20 sec to bleach the background membrane fluorescence. 5. Set the optimal camera setting (2x2 binning) in the "Format" tab and the fast acquisition protocol in "ND sequence acquisition" tab (typically 10,000-40,000 images at 20 Hz). 6. Start acquisition of PAmCherry1 images (561 nm laser at full power, 50 msec/frame) with simultaneous 405 nm laser activation at a low level (0.1% -1%) by clicking the "Run now" button. Adjust the intensity of 405 nm laser so that spatially isolated individual points in each frame are easily identifiable. NOTE: The number of activatable PAmCherry1 molecules decreases gradually during acquisition. 405 nm laser intensity should be gradually increased to keep the optimal density of individual molecule signals in each frame. 7. Continue acquiring images until no PAmCherry1 single molecule signal is activated.
PALM imaging in live cells
1. Before imaging, dilute fluorescent beads into the imaging chamber for 10 min as described in step 3.1.1. Then start PALM imaging by opening the associated imaging software. NOTE: Use a magnetic quick-release imaging chamber for live-cell imaging. Maintain the center of the imaging field at 35 °C with a temperature controller under constant perfusion with extracellular buffer (Extracellular Solution: 135 mM NaCl, 5.6 mM KCl, 2.6 mM CaCl 2 , 1.2 mM MgCl 2 , 3 mM glucose, and 20 mM HEPES; pH =7.3). 2. Choose the GFP channel button (525/50 nm emission). Identify the cell membrane expressing fluorescent probes based on green fluorescent from mEOS3 under 488 nm laser excitation. Make sure that fluorescent beads nearby are also included during imaging as this is required later for offline drift correction. 3. Click the "Capture" button to collect a TIRF image of the cell membrane in mEOS3 (green) channel as a reference image. Use a shallow evanescent wave excitation illumination (after reaching the critical angle, turn another 2 degrees) by typing in 2120 in the TIRF angle setting for live-cell imaging. NOTE: This minimizes the fluorescence from the unbound mEos3-PH in the cytosol adjacent to the plasma membrane. 4. Switch to the "RFP channel" button (561 nm excitation, 600/50 nm emission). Use the full power 561 nm laser to bleach background fluorescence of the membrane sheets for 10 ~ 20 sec with the scrollbar in the "AOTF pad" (see 3.1.4). 5. Start image acquisition by clicking the "Run Now" button in the red channel (561 nm full power, set at 10 msec/frame in the "camera" setting tab) with simultaneous 405 nm laser activation. Adjust the 405 nm laser intensity to activate spatially separated points in each frame. NOTE: As acquisition proceeds, un-converted mEOS3.1-PH PLCδ1 molecule number slowly decreases. Gradually increase the 405 nm laser power to optimize the single molecule signal. The imaging acquisition length depends on the experimental purpose. Acquire images continuously for 5 min under normal conditions. If a longer acquisition is required, collect multiple image stacks instead of a single, large image stack. The file size of each image stack should not exceed 4 GB or it will affect software analysis later.
SMLM Image Processing and Reconstruction
1. Transfer the image files (.tif image stacks) to an image analysis station. Launch the image reconstruction program (custom-written) in Matlab as described previously 37 and load the image stack by clicking the "File" tab in the main menu, then "open", then "new file".
2. Identify and localize individual molecular events from each frame. Set filtering intensity threshold with a threshold number (1-10) in the "wavelet". Verify the optimal parameter settings for point detection visually before the reconstruction. Then go to the "PALM" tab and click "one step process" to start image reconstruction. NOTE: Intensity threshold for point detection is arbitrary and depends on personal experience. Several trials may be required to generate an optimal detection threshold that neither picks up too many unqualified (dim) points nor filters out too many qualified (bright) points. Adjust other parameters to optimize data analysis. Here, neighborhood distance (fluorescence points in the neighboring frames within a distance are combined) is set as 65 nm (1/2 pixel width) and fitted as a single molecule. Gap frames (individual molecule events that occurred within these frames and neighborhood distance were combined and fitted as a single molecule event) is set as 26 frames (1.3 sec) for PAmCherry1 imaging 40 . Adjust these parameter according to the properties of single molecule probes and acquisition rate to avoid over-counting 40 
Representative Results
The localization uncertainty (σ) of our super-resolution system is 14.73 nm 23 . Direct comparisons between TIRF and PALM images demonstrated a significant improvement of spatial resolution. Figure 3A -B shows the representative PI(4,5)P 2 TIRF images labeled with PI(4,5)P 2 antibody and iRFP-PAmCherry1-PH PLCδ1 in typical membrane sheets and live cells. The images with conventional TIRF microscopy in membrane sheets are remarkably similar to those in intact live cells labeled with the enhanced green fluorescence protein (EGFP) tagged PH domains (EGFP-PH PLCδ1 ) ( Figure 3C) . All samples showed an even distribution of probes. In contrast, non-optimal fixation of the samples resulted in sharp dense PI(4,5)P 2 clusters and a decrease in signal intensity (Figure 4) . Under optimal fixation conditions, the super-resolution images of PI(4,5)P 2 in fixed cells (Figure 5 ) revealed a homogenous distribution of probes in a significant portion of the PM with only limited concentration gradients. Some membrane patches enriched with PI(4,5)P 2 probes were sparsely distributed and had various sizes. Live cell PALM images display a similar spatial distribution as fixed cells (Figure 6 ). Detailed analysis of PI(4,5)P 2 signals over time results in fast dynamics in local areas, without significant changes of their abundance in broad areas. 
Discussion
For troubleshooting, two processes need extra attention: membrane sheet production and sample fixation. As described in the protocol, the incubation time of the coverslips in step 1.1.6 is important for membrane sheet production. Optimal incubation time under our experimental condition is 7-10 min (Figure 2) . Longer than 10 min incubation will produce intact cells instead of the membrane sheets on PDL coverslips and shorter incubation will lead to less or no membrane sheets on the PDL-coated coverslips. As described in the protocol, the fixatives and temperature during fixation are critical for maintaining the PI(4,5)P 2 distribution in the PM. Fixation at RT or use of 4%-PFA alone could distort the normal lipid distribution in the PM.
By applying PALM microscopy to membrane lipid research, we are able to observe the nanometer scale distribution of PI(4,5)P 2 , a key phosphoinositide that mediates many fundamental cellular activities. This spatial distribution of PI(4,5)P 2 with limited concentration gradients in INS-1 cells provides a framework for rethinking lipid-protein interactions and local signaling events of PI(4,5)P 2 in these cells. Moreover, the methods developed in this work can also be applied to other membrane phospholipid research with proper probes, thereby, offering novel tools to study phosphoinositides in biological processes.
, such as PI(3,4,5)P 3 and PI(3,4)P 2 . Membrane sheet samples are able to circumvent these problems without significantly disrupting structures associated with the plasma membrane, such as cortical actin meshwork and clathrin-coated pits 42, 43 . The relative homogenous distribution of PI(4,5)P 2 in the PM is in good agreement with other quick freezing EM studies using GST-PH PLCδ1 probes in the fibroblast membrane 44 .
It is important to note that improper sample processing conditions can generate misleading results. First, it is critical to perform the fixation steps at a lower temperature (4 °C) and use the fixative GA for membrane sheet production. As shown in Figure 3 , warm temperature and PFA fixation without GA is not sufficient to fix phosphoinositides in cell PM. This could distort the intact PI(4,5)P 2 distribution and generate sharp clusters that are not observed in live cells under physiological conditions. Second, the use of PAmCherry1 as the SMLM probe, rather than other probes, is pivotal for quantitative PALM imaging. The benefit of PAmCherry1 application comes from its well-characterized single molecular photo-physical properties 35, 40, 45 , such as brightness, high photo-activation efficiency and most of all, very limited photo-blinking. These properties enable us to eliminate potential cluster artifacts from photo-blinking and quantitatively analyze the molecular density of membrane PI(4,5)P 2 .
This approach also has its limitations. First, the membrane sheet method used in this study may not fully mimic the physiological distribution of PI(4,5)P 2 because the cell is disrupted before imaging. However, our live PALM imaging shows similar relatively homogeneous distribution of PI(4,5)P 2 , supporting the results observed with membrane sheet samples. Second, as we discussed in our previous work 23 , SMLM requires imaging expertise and extra attention to avoid imaging artifacts that might arise from different processes, including the probes used, sample preparation and fixation, image sampling and reconstruction. Lastly, though the PH domain based probes and antibodies have been widely used in phosphoinositide studies 46, 47 it remains possible that not all PI(4,5)P 2 in the membrane can be detected by this approach. For example, PI(4,5)P 2 bound by other endogenous proteins may not be accessible to PH probes or antibodies, and this may cause an underestimation of PI(4,5)P 2 due to the space hindrance of probe themselves. An alternative way of labeling PI(4,5)P 2 would be using Top-Fluor PI(4,5)P 2
48
, a prelabeled PI(4,5)P 2 analog with a modification on the tail of original PI(4,5)P 2 . However, it can be converted rapidly into other phosphoinositide subtypes by fast live cell metabolism since its inositol ring is the same as endogenous PI(4,5)P 2 . This raises the concern whether this pre-labeled PI(4,5)P 2 analog in live cells can faithfully represent PI(4,5)P 2 rather than its metabolic products. Therefore, despite some limitations, PH domain based probes are still among the best probes that have been widely used to monitor PI(4,5)P 2 distribution and dynamics on the PM of cells.
The future application of this methodology can be extended to other phosphoinositide studies, such as PI(3,4,5)P 3 and PI(3,4)P 2 . In summary, the novel SMLM approach used here opens new ways to study phosphoinositide in cells. Using PI(4,5)P 2 as an example, we demonstrate the unique properties of PALM imaging in the morphological and quantitative study of cell membrane molecules, as well as its drawbacks. This approach can be adapted to other molecules of interests and will have wide applications in cell biology.
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